The aim of this study was to investigate the effect of treatment of experimental ovarian cancers with targeted cytotoxic analogs as single compounds and in combination. Targeted 
O
varian cancer is the most common cause of death from gynecological malignancies in the United States (1) . In more than two-thirds of the cases, patients present with latestage disease at the time of initial diagnosis. Advanced epithelial ovarian cancer is currently treated by cytoreductive surgery and chemotherapy (2) . The preferred systemic treatment for patients with advanced-stage disease is the paclitaxel͞carboplatin combination, which produces a significant improvement in both progression-free and overall survival rates (3) . However, after an initial response (4) , patients eventually experience a recurrence of the disease (5) due to secondary induction of chemoresistance of the cancer cells. This phenomenon is reflected by the 5-year survival rate of 37% for FIGO (International Federation of Gynecology and Obstetrics) stage III disease and 25% for FIGO stage IV disease. In addition, the systemic administration of cytotoxic agents is usually accompanied by toxic side effects (2, 4) . Consequently, the therapy of late-stage ovarian cancer remains a challenge, and new treatment approaches are needed.
The elucidation of specific molecular characteristics of tumor cells led to the development of a new treatment strategy known as targeted therapy. Modern targeted anticancer drugs include antibodies against surface structures on malignant cells and conjugates consisting of receptor-specific ligands linked to toxins, radionuclides, or chemotherapeutic agents (6) . Thus, the antineoplastic drugs can be delivered directly to cancer cells. Their higher intratumoral concentration is expected to result in a greater antitumor efficacy and reduced systemic toxicity and may overcome chemoresistance of malignant cells. In recent years, several cytotoxic hormone analogs were synthesized in our laboratory, in an endeavor to develop a new class of antineoplastic agents (7) . These compounds include the cytotoxic analogs of bombesin (AN-215), somatostatin (AN-238), and luteinizing hormone-releasing hormone (LHRH) (AN-207), which were synthesized essentially by coupling 2-pyrrolinodoxorubicin (2-pyrrolino-DOX) (AN-201) to the respective hormone analogs (8) . Because the receptors for LHRH, somatostatin, and bombesin are present in 80%, 65%, and 77% of ovarian cancers, respectively (9-11), these binding sites could be used as targets for the cytotoxic hormone analogs.
Multidrug resistance (MDR) in cancer cells is due to the simultaneous development of resistance to a variety of antitumor agents that appear to be structurally and functionally unrelated. One mechanism of action of MDR is the increased efflux of chemotherapeutic agents mediated by transport proteins. The product of the MDR-1 gene, an ATP-dependent membrane transporter termed P-glycoprotein, and the recently discovered MDR-related protein 1 (MRP-1) use this mechanism of action (12, 13) . Breast cancer resistance protein (BCRP) is another overlapping, but distinct type of MDR, based on drug efflux (14) . Ovarian cancers show the tendency to acquire chemoresistance throughout therapy, and it was demonstrated in vitro that the MDR-1 gene could induced by chemotherapeutic agents, such as DOX, cisplatin, and paclitaxel (15) . MRP expression was shown to be associated with a significantly (P Ͻ 0.05) poorer prognosis in patients with ovarian cancer (16) .
The aim of this study was to evaluate the antiproliferative activity of the cytotoxic hormone analogs AN-207, AN-215, and AN-238 as single compounds and in some combinations in experimental ovarian cancers. The effect of targeted therapy on the development of chemoresistance through the induction of the MDR-1, MRP-1, and BCRP proteins was also investigated.
Results

Effects of Treatment with Cytotoxic Compounds on Tumor Growth in
Vivo. In Experiment 1, cytotoxic analogs AN-238 and AN-215 at a single dose of 200 nmol͞kg and a combination of both compounds at 100 mmol͞kg of each significantly inhibited the growth of UCI-107 human ovarian cancers. In animals treated with AN-238 and AN-215, tumor volume and weight were significantly reduced by 36.7-43.1% (P Ͻ 0.05) ( Fig. 1 and Table  1 ). The combination of AN-238 and AN-215 at doses of 100 nmol͞kg resulted in a 46.2% and 44.2% reduction, respectively, in tumor volume and weight (P Ͻ 0.01). The tumor doubling time was also significantly prolonged after treatment with AN-238 and the combination therapy (P Ͻ 0.05). An equimolar dose of the cytotoxic radical AN-201 had no significant effects on any growth characteristics ( Fig. 1 and Table 1 ).
In Experiment 2, animals bearing OV-1063 tumors were injected three times (on days 1, 8, and 15) with 200 nmol͞kg of cytotoxic analog AN-238 alone or with a combination of AN-238 with AN-207 at the doses of 100 nmol͞kg of each. In animals treated with AN-238, the mean tumor volume was significantly reduced by 67.3% (P Ͻ 0.05), and the weight was reduced by 75.8% ( Fig. 2 and Table 1 ). The simultaneous injection of 100 nmol͞kg AN-207 and AN-238 significantly reduced tumor volume and weight by 58.1% and 69.1%, respectively (P Ͻ 0.05) ( Fig. 2 and Table 1 ). The tumor doubling time was significantly prolonged after treatment with AN-238 (P Ͻ 0.05) ( Table 1 ). An equimolar dose of the cytotoxic radical AN-201 had no significant effects on tumors ( Fig. 2 and Table 1 ).
In Experiment 3, an injection of 150 nmol͞kg AN-238 administered on days 1 and 8 significantly inhibited the growth of ES-2 human ovarian cancers, tumor volumes being Ͼ50% smaller than in controls (P Ͻ 0.05). The combination of 75 nmol͞kg AN-238 and AN-207 on day 1 and 8 resulted in a 53.5% reduction of tumor volume (P Ͻ 0.01). Equimolar doses of the radical WBC levels and animal deaths are shown in the last two columns. * , P Ͻ 0.05; ** , P Ͻ 0.01; two-tailed Student's t test). AN-201 had no significant effects on tumor growth ( Fig. 3 and Table 1 ). (Fig. 4) . 
Evaluation of MDR-1, MRP-1, and BCRP mRNA Expression by
Discussion
The therapy of advanced ovarian cancer remains a challenge because throughout the treatment a high percentage of the tumors acquires resistance to chemotherapy (4). Drug resistance proteins such as MDR-1 and MRP-1 appear to be involved in this process (15, 16) . Targeted chemotherapy was developed to selectively deliver cytotoxic radicals to malignant cells and, thus, to achieve a higher intratumoral concentration of cytotoxic drugs. This innovative treatment approach results in a higher antitumor activity and can overcome chemoresistance of some neoplastic cells. Accordingly, in previous studies with OV-1063 and ES-2 human ovarian carcinomas, we showed a strong inhibition of tumor growth after treatment with the targeted cytotoxic LHRH analogs AN-152 and AN-207, which consist of DOX or 2-pyrrolino-DOX linked to [D-Lys-6]-LHRH, respectively (17) (18) (19) (20) . The cytotoxic analogs of bombesin and somatostatin, AN-215 and AN-238, also caused a strong inhibition of growth of experimental ovarian cancers (21) , whereas the nontargeted radicals DOX and 2-pyrrolino-DOX had only minor effects (17) (18) (19) (20) (21) In the current study, the antitumor activity of our cytotoxic analogs AN-238, AN-215, and AN-207 given as single agents or in different combinations was investigated in three human ovarian cancer cell lines, which were shown to be positive for the respective receptors in our previous work (8) . AN-215, AN-238, or their combination significantly inhibited the growth of UCI-107 tumors. AN-238 alone and in combination with AN-207 at different doses significantly inhibited the growth of OV-1063 and ES-2 human ovarian cancer xenografts. Previous work showed that AN-207, AN-215, and AN-238 given as single agents suppressed growth of experimental human ovarian cancers (7, 22) . In agreement with previous studies, the cytotoxic radical AN-201 did not exert a significant tumor inhibition in any of the three experiments (7) .
We compared toxicity of the cytotoxic analogs and their radicals in terms of the incidence of deaths and levels of WBC. Only six deaths occurred in three experiments, with four animals dying after treatment with AN-238 and two after AN-201. However, none of the deaths could be related to toxicity. Haematotoxicity is the most common syndrome and often dose-limiting effect of chemotherapy. Accordingly, in all experiments, cytotoxic radical AN-201 caused a significantly stronger suppression of the WBC than the targeted analogs. We investigated different dosing schedules of the compounds and treatment combinations to establish the most favorable treatment protocol. With respect to efficacy, however, no major difference was observed between single and multiple dosing schedules. Surprisingly, AN-215 and AN-238 given as single agents or equimolar amount of a combination of AN-238 and AN-215, as well as AN-207 coadministered with AN-238, were all essentially equally potent in suppressing tumor growth. Our finding can be explained by the fact that all three of our animal models of human tumor cell lines strongly overexpressed the peptide receptors for the respective analogs. Tumor cell lines tend to have a more homogenous pattern of receptor expression than primary tumors. Thus, the intratumoral level of cytotoxic radical, after single agent or combination therapy, may have been similar in the most of the cells and resulted in a similar inhibition of growth. However, most human solid tumors show a varying intensity of receptor expression on the neoplastic tissue, and combination therapy should be advantageous in this situation. Because toxicity after combination treatment was low, further dose escalation should be possible. Thus, combination therapy with cytotoxic peptide analogs could be a favorable treatment approach, which should be investigated in further studies.
In this trial, no major induction of the mRNA levels of MDR proteins MDR-1, MRP-1, and BCRP after therapy with AN-238 and AN-215 alone and in combination, as well as after AN-238 with AN-207, could be demonstrated in ovarian cancer cell lines investigated. AN-201 caused an increase of the mRNA levels for the MDR-1 in OV-1063 ovarian cancer and an induction of MDR-1, MRP-1, and BCRP in ES-2 ovarian cancer. Similar results were observed in vitro in the HEC-1A endometrial cancer line after treatment with the targeted cytotoxic LHRH analog AN-152 (23) . Both AN-152 and its radical DOX induced surface expression of MDR-1 gene product P-glycoprotein, but the effect of AN-152 was smaller than that of DOX. Thus, the development of chemoresistance may be delayed by targeted chemotherapy.
In conclusion, this study demonstrates that a combination therapy with cytotoxic peptide analogs of somatostatin, bombesin, and LHRH is feasible, effective, and associated with low toxicity. In addition, our work shows that drug resistance proteins such as MDR-1, MRP-1, and BCRP are not induced by our cytotoxic peptide analogs. Cell Lines. Human ovarian cancer cell line ES-2 is a poorly differentiated clear cell ovarian carcinoma derived from a tumor of a 47-year-old African-American female (29) .
Materials and Methods
Human ovarian epithelial cancer cell line OV-1063 originated from a metastatic papillary cystadenocarcinoma of the ovary of a 57-year-old woman (30) . The two cell lines were obtained from American Type Culture Collection.
The UCI-107 human epithelial ovarian cancer cell line originating from a patient with papillary adenocarcinoma was provided by A. Manetta (University of California, Irvine Medical Center, Orange, CA). UCI-107 cells express receptors for somatostatin and bombesin, and OV-1063 and ES-2 cells carry receptors for LHRH, somatostatin, and bombesin, as determined in our previous work (8, 11, 18, 31) . UCI-107 cells are known to have binding sites for somatostatin, bombesin, and express mRNA for all three bombesin receptor subtypes (9) .
The cells were grown at 37°C in a humidified atmosphere of 95% air and 5% carbon dioxide, passaged weekly, and routinely monitored for mycoplasma contamination by using a detection kit (Roche Molecular Biochemicals). All culture media were purchased from GIBCO.
Animals. Five-to 6-week-old female athymic nude mice (Ncr nu͞nu) were obtained from National Cancer Institute (Bethesda). The animals were housed in sterile cages under laminar flow hoods in a temperature-controlled room with a 12-h light͞12-h dark schedule. They were fed autoclaved chow and water ad libitum. Tumor volume (length ϫ width ϫ height ϫ 0.5236) and body weight were measured weekly. The total leukocyte count (WBC) was determined with the Unopette microcollection kit (Becton Dickinson). At the end of each experiment, mice were killed under anesthesia, tumors were excised and weighed, and necropsy was performed. Tumor specimens were snap frozen and stored at Ϫ70°C. The Institutional Animal Care and Use Committee reviewed the protocols of the animal experiments and gave full approval.
Experimental Protocol. Cells of each cell line growing exponentially were implanted into five female nude mice by s.c. injection of 10 7 cells in both flanks. Tumors resulting after 4 weeks in donor animals were aseptically dissected and mechanically minced. In all experiments, 3 mm 3 pieces of tumor tissue were transplanted s.c. into experimental animals by a trocar needle. Experiments were started when tumors had reached an appropriate size.
In Experiment 1, when UCI-107 tumors had reached a volume of Ϸ250 mm 3 , mice were assigned to five experimental groups and received the following treatment as a single injection into the jugular vein: group 1, control, vehicle solution (eight mice); group 2, cytotoxic radical AN-201 at 200 nmol͞kg (8 mice); group 3, cytotoxic analog AN-238 at 200 nmol͞kg (8 mice); group 4, cytotoxic analog AN-215 at 200 nmol͞kg (8 mice); group 5, a combination of the cytotoxic radicals AN-215 and AN-238 at 100 nmol͞kg each (8 mice).
In Experiment 2, after OV-1063 tumors reached a mean tumor volume of 80 mm 3 , the animals were given an i.v. injection of each compound at 200 nmol͞kg on day 1, 8, and 15, respectively. Groups 1-3 were treated as in Experiment 1. Group 4 received a combination of the cytotoxic LHRH analog AN-207 and the cytotoxic somatostatin analog AN-238 each at 100 nmol͞kg.
In Experiment 3, when ES-2 tumors had reached a mean volume of 50 mm 3 , the mice were treated on day 1 and 8 with 150 nmol͞kg of each compound. Groups 1-3 where treated as in Experiment 1. Group 4 was injected with a mixture of AN-207 and AN-238 at 75 nmol͞kg each.
Real-Time PCR for MDR-1, MRP-1, and BCRP mRNA Expression. Total RNA was isolated from Ϸ100 mg of tumor tissue for each sample according to the TRI reagent protocol. One microgram of total RNA was subjected to reverse transcription with the Iscript cDNA synthesis kit (Bio-Rad), following the manufacturer's protocol. Real-time PCR was used to measure drug resistance gene expression by using the SYBR Green system (Bio-Rad).
